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ABSTRACT

Formulations, classification, areas of application, and approaches to solving different inverse
problems are considered for design of structures, modeling, and experimental data processing.
Problems in the practical implementation of theoretical-experimental methods based on solving
inverse problems are analyzed in application to identification of mathematical models of physical
processes, input data preparation for design parameter optimization, design parameter optimization
itself, model experiments, large-scale tests, and real tests of engineering systems. This methodology
provides an opportunity to improve the quality of investigations and to accelerate realization of
research achievement.

INTRODUCTION

The process of design and testing of a new complex technical object can be arbitrarily divided
into a number of steps and sections (Fig. 1). Each of them is very important and essential. If the
problems are posed correctly and their solutions are accurate at each step then the developed
engineering system will be effective and reliable. Very often structures of today vehicles work in
extreme modes, on the limit of structural materials capacity. That is why any mistake made on any
of the stages of design and experimental development could result in a catastrophe comparable to
those of Chernobyl or Challenger.

Operational conditions of technical equipment in many industries become more and more
sophisticated and severe. At the same time, the requirements for reliability and service life as well
as effective technological decisions also grow. Therefore, we need not only to improve old,
traditional methods of research, design and testing of structures but also to develop altogether new,
more perfect ones. To these new methods we can refer those based of solution of inverse problems.
The latest 15-20 years witness permanent growth of interest to them. How can we explain 1t? First
of all, this approach made it possible to consider real phenomena taking into account non-linearity
and non-stationarity of physical processes characterising today engineering systems. This is a very
important point, since the above mentioned phenomena become determinating when operational
conditions of the vehicles approach criticality. Conventional classical methods can hardly cope with
these difficulties.

The chief advantage of the inverse problems methods is that they enable us to conduct
experimental studies under conditions as close as possible to real ones or to study the engineering
systems directly. Also, such approach enhances the informative value of these studies, accelerating
the experimental works as compared to the traditional methods, and reducing their cost. Besides
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I—taking into account non-stationarity and non-linearity, inverse problems methods provide ::m—1
opportunity to analyse account multidimensionality and interdependency of physical processes,
indirect measurements, and real scale of time.

All these advantages and possibilities of inverse problems are of special importance for
aerospace and rocket technology. Therefore some of the first formulation and solution processes
for the inverse problems, in particular, the inverse heat transfer problems, appeared in this area of
application.

GENERAL FORMULATION OF INVERSE PROBLEMS AND THEIR
CLASSIFICATION

All phenomena in nature are characterized by some cause-and-effect relationships, and it is
possible in the construction of mathematical models of physical processes to designate quantities
that are causal characteristics of the process and quantities that are resultant characteristics.

Accordingly, all problems can be classified into two types. In the first, they involve study of the
effect on the basis of given causes. These are direct problems. In the second - study of the causes
on the basis of specified effects. These are inverse problems. Inverse problems have one common
attribute in contrast to the case of direct problems. Their formulations cannot be reproduced in a
real experiment. It is not possible to reverse the cause-and-effect relation physically, instead of
mathematically. For example, it is impossible to reverse the course of a heat transfer process or to
change the course of time. Therefore, in mathematical formalization, this property is manifested in
incorrect mathematical conditioning and must be taken into account in the development of solution
methods and in applying them in practice. When formulating general statements of inverse
problems and choosing the main classes of them, the statements of direct problems are supposed to
be known. Each direct problem (within the framework of an accepted mathematical model) can be
compared with a certain set of inverse problems. All inverse problems can be divided into three
classes on the basis of the general objective: inverse problems that arise in the diagnostics and
identification of physical processes; inverse problems that arise in the design of engineering
products; inverse problems that arise in the control of processes and products.

Inverse problems of the first class usually involve experimental studies. In these cases it is
necessary to reconstruct causal characteristics on the basis of certain measured "output” effect
characteristics. These problems are primary, both with respect to direct problems and with respect
to the other two classes of inverse problems, since they are connected with construction of
mathematical models and determination of different characteristics of the models.

Inverse problems of design type consist in determining design characteristics of an engineering
unit on the basis of given quality indices within certain limits. Required characteristics are causal
with respect to these indices and limits.

In the case of the control, the role of causal characteristics is played by controlling influences
the change in which creates the control action expressed by the system state, i.e. the effect.

It should be noted that there exists a fundamental difference between the two types of problems,
between problems of diagnostics and identification and problems of design and control. In the case
of design and control problems, the widening of the class of acceptable solutions usually simplifies
things, since it is then necessary to find any practically feasible solution that would ensure the
extremum of quality criterion with the given accuracy. At the same time, for identification and
diagnostics problems the wider the class of possible solutions, the worse the situation. Specifically,
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[-the errors of causal characteristics determined can increase which will make obligatory the use of-.|
regular methods of solution.

It should be noted that the theory and methodology of solution of inverse problems (that appear
with diagnostics and identification of physical processes) are less developed than those for the other
two classes of problems.

According to causal characteristics required it is possible to divide inverse problems of each
group into various kinds. Most often, MMs of physical processes are based on equations with partial
derivatives. In a general case, four kinds of inverse problems are introduced for them, viz.,
boundary, coefficient problem, retrospective problems, and geometric problems [1,2]. Boundary
problems consist in finding functions and parameters that form boundary conditions; coefficient
problems involve determining of functions and parameters that form part of equation coefficients;
retrospective problems, (i.e. time reversed ones) consist in finding initial conditions; geometric
ones presuppose reconstructing geometric characteristics of a domain or some points, lines or
surfaces within a domain (for examples, determining co-ordinates of a phase transfer boundary or
of a contact line of materials with different physical properties).

Now, if we again look at the block-scheme of development and creation of an important
engineering object (see Fig. 1) we can point out possible and expedient fields of application of new
methodology based on the solution of inverse problems. They are marked by shading. Thus, we can
see that the scope of application of inverse problems to design and testing is rather wide. It can also
be added that there exist a lot of useful applications of these methods for investigation, optimization
and development of different technological processes as well.

INVERSE HEAT TRANSFER PROBLEM

Among the most developed and widely used in practice there are inverse problems of heat
transfer. Consider now their posing.

In correspondence with three main forms of heat transfer let’s introduce three groups of inverse
problems: inverse problems of heat conduction, inverse problems of convective heat transfer, and
inverse problems of radiative heat transfer. If combined or complex heat transfer is considered,
corresponding statements of inverse problems will appear.

Let us now, for example, dwell upon a more concrete formulation of the two groups of inverse
heat transfer problems.

INVERSE HEAT CONDUCTION PROBLEMS (IHCP). Problems of this kind are the best
investigated and the most widely used in practice [1-4].

As an example, let us consider a one-dimensional problem of heat conduction in a two-layer
plate assuming that the layer materials have different thermal properties and that in one of them
there occurs a phase transfer, e.g., melting. Layer boundaries b,(1), b,(1), b5(1) can move with
time as a result of some physical processes (ablation, thermal expansion or shrinking, mechanical
deformation). The internal front of phase transfer 1(1) is also moveable.

Wel assume that temperature field 7(x,T) in the plate is described by equation system for
generalized heat conduction

aT, g . o7, oTi
-9 5 L 9t i =
< a‘c_ax(}\f' ) Ko ¥ J=123 )

in domains  b,(1) <x <N(1), N(T) <x< b,(1), by(1) <x < bs(1), respectively. Conjunction condi-
tions on lines T(t) and by(1) have the form
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To the system (1) let us also add initial temperature distributions

T,(x,0) = § (), j=1,2,3

at b,(0) <x <n(0), n(0) <b,(0), b5(0) <x < by(0), respectively, and conditions on the plate
boundaries. As boundary conditions we can regard temperatures

T, (b (0, ) =1,(¥), j=13

or heat fluxes

oT.
-X 57 =q (), j=13
Xlx= b, (1)
or Newton conditions of convective heat transfer
daT.
e = o [T, (b, (), )-T, (V)], j=1,3;
7 ox x=bj(t) LN J

or conditions that take into account body heat transfer with the environment by means of convection
and radiation, and also the heat source that is caused by other processes (melting, sublimation, atom
recombination, etc.)

o7,
_% —1 — _T* - -
A= = o, [T; (b; (0, 0 -T (V] +A,q, ejcﬂf(bj(t), V+g, j=1,3.
x=bj (1) /
Here g, isanincidentradiant flux; o -isthe Stephan-Boltzmann constant. Various combi-
nations of the above-mentioned boundary conditions on lines b,(t1) and by(1) are also
l_ possible.
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r Coefficients C,, lj, K, and the source S; in the equations in the general case can be functions
of co-ordinate x, time T, and temperature 7}, or any combination of these variables; in the simplest
case they will be constant. Values r, R, a, Aj, €,g; can be considered as functions of the time and

the corresponding temperature.
In the given problem, the causal characteristics will be volumetric heat capacities C e thermal

conductivities Xj, convection coefficients K, sources Sj, movement of boundaries b,, b,, b5, and
phase transfer front T); volumetric heat of phase transfer r, contact thermal resistance R, boundary
temperatures £, heat fluxes 4, ambient temperatures T; absorption coefficients A j emissivities
€; and surface heat sources g, The inverse problem of any kind consists in determining certain

values of the sum total of causal characteristics adduced above. Certain additional conditions should
be given. In most cases they will be temperature measurements  T(d;, 1) =f(1), i=1,LN in N

stationary or moving points d; of a body; it is seldom that spatially continuous temperatures are

considered.

According to the above-introduced causal characteristics of heat transfer processes, the follow-
ing kinds of inverse problems can be introduced.

The first kind is a retrospective heat conduction problem, or the problem with reverse time - the
finding of temperature distributions in previous moments (in other words - the determining of the
prehistory of the given heat state);

The second kind is a boundary inverse problem - the reconstruction of thermal conditions at the
boundary of the body. A problem connected with the continuation of the solution of heat conduction
equation an overdetermined boundary belongs to this type of problems;

The third kind is a coefficient inverse problem of heat conduction - the specification of
coefficient of the heat conduction equation (the identification of heat conduction operator).

Finally, it is possible to introduce one more kind of inverse problem, a geomerric one that
consists in finding some geometric characteristics of a heated body, e.g. in reconstructing the
movement of the heat transfer boundary of a body on the basis of the results of temperature
measurements within the body.

Combined statements are possible when causal characteristics of different types are sought
simultaneously. For example, we can simultaneously estimate boundary conditions and tempera-
ture field in the past moments of time in the problem without initial conditions. This problem is a
combination of a boundary problem and a retrospective one. There can exist natural combinations
of a boundary problem and a coefficient one as well as those of a boundary problem and a geometric
inverse problem of heat conduction.

INVERSE PROBLEM OF CONDUCTIVE-AND-CONVECTIVE HEAT TRANSFER FOR A
POROQUS BODY [2]. One more typical problem is connected with the development and testing of
porous cooling systems of various designs. In these cases it is necessary to have information on the
following characteristics: heat fluxes on blown surfaces; thermal conductivity A_ ; internal heat

transfer coefficient @, of a porous body, heat transfer coefficient @ at a coolant inlet into a

porous material. Determination of these values from transient temperature measurements in porous
structure is reduced to the solution of an inverse problem of conductive-and-convective heat
transfer. In the one-dimensional case for a flat layer of a porous material with gaseous coolant, the
MM of heat and mass transfer has the form
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Here indices s and g mean solid and gaseous phases respectively; ¢ is specific heat capac-

4
ity at constant pressure; p is density; v is velocity; capital P is porosity of the solid; a small

letter p means pressure; W is viscosity; M is molecular weight; & and B are hydraulic coeffi-
cients; TgO 1s initial temperature of the injected gas.

This model contains the energy equations for solid and gaseous phases both the corresponding
initial (4) and boundary conditions (5)-(8), and a modified Darcy’s law (9) and equation of state for
the gas (10). The condition (8) is one of the variants of natural boundary condition. It provides for
the uniqueness of the direct-problem solution and, simultaneously, gives results that agree well with
those corresponding to the actual boundary conditions of the first and second kind.

The unknown causal characteristics include g, A, oy, @,

The measurement data are specified with the conditions:

T(d,0=f(1), 1€ (0,1), n=1,N, N2 1, 0<d, <d, <" dy<b

EXPERIMENTAL-THEORETICAL INVERSE-PROBLEM METHOD

In an exact formulation, any inverse problem can be written in compact form using an operator

equation of the first kind
Au=f, ue U, feF. (1)

Here an operator A and right side f are given data. Value u is an unknown. It may be vector,
function, or vector-function. Let us assume that operator A is continuous, and spaces U and F
are metric.

Itis known, that the problem (11) is called well-posed if it meets the following requirements (the
Hadamard conditions):

* solution of the problem exists for any right side;

i |
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[_ * solution is unique;

* it depends continuously on f.

If at least one of the requirements is violated, this problem is called ill-posed. This is the very
situation, which is observed in solving the inverse problems.

This requires not only the development of special mathematical methods, but also proper
technical organization of the studies. Experience indicated that only with a rational combination of
physical and mathematical fundamentals it will be possible to make effective and creative use of
the methods considered.

We shall use the concept of an experimental-theoretical inverse problem method, by which we
mean an aggregate of studies and developments that includes physical and mathematical statement
of the inverse problem, methods and algorithms for its solution, the necessary technical systems,
and organization of experimental studies.

ON THE HISTORY OF THE MATHEMATICAL SUBJECT-MATTER

A retrospective look at the matter of solving inverse heat transfer problems and utilization of
corresponding methods justifies to the fact that a tendency for rapid development of the scientific
trend observed to-day was of irregular nature before.

The interest and attention shown by investigators to this problem appeared incidentally. The first
formulations and first attempts of solving inverse problems, perhaps, should be related to determi-
nation of historical climate and heat condition of earth’s ground layer. These are works of Fourier,
Poisson and Kelvin in the 19th century.

It should be noted that some methods used at present are based on solutions known long enough.
The example of this - presentation of solutions of linear problems of heat conduction through
Dugamel integral (1832) with further numerical inversion of it. However, the corresponding
procedures for determining unsteady heat fluxes appeared much later in works by T.J. Mirsepassi,
one of the first having been published in 1958 [5], in works by G. Stolz (1960) - [6], by J.V. Beck
(1962 and later in [7,8]), by G.T. Aldoshin, A.S. Golosov, V.I. Zhuck (1968 and later in [9,10]) by
O.M. Alifanov (1969 and later in [11-14]) and by other authors. Regularization of heat state of solid
bodies in the form of exponential law of temperature change was discovered in 1901 by J. Boussi-
nesq. At the same time the basics for the theory of regular heat state was developed by G.M. Kond-
ratiev and later by A.V. Lyikov in the 40s and the 50s. In 1955 the principle of regular heat state
was used by N.V. Shumakov to find non-stationary heat fluxes through a successive interval
method [15]. Apparently, it is the first "promulgated” technique for solving boundary inverse
problems of heat condition.

Note that for a particular case of so-called pseudo-inverse heat condition problem W.H. Giedt
in 1955 [16] and O.N. Kastelin jointly with L.N. Bronsky in 1956 [17] published a procedure for
its solution which still finds its application.

A solution of heat conduction problem in the Cauchy generalized formulation presented as an
infinite power series was obtained by J. Stefan in 1890 [18]. This result can be considered as the
first exact solution of a one-dimensional inverse problem with constant coefficients, although for
this purpose it was not used until the studies of A.G. Tyomkin and O.R. Burggraf [19, 20] who in
1961 and 1964, respectively, got similar by form solutions for a series of other linear inverse
problems of heat conduction.

Thus, despite the fact that necessary preconditions for constructing solution of inverse problems

[_ appeared already in the last century and at the very beginning of the current century, practical J
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rconclusions, nevertheless, have been drawn quite recently. The most active and stable period for_1
the development of solution methods and their application falls on the last 20 years.

Let us touch upon history of mathematical studying and solving ill-posed problems.The condi-
tions for well-posed formulation of any problem of mathematical physics were introduced by
J.Hadamard in 1902 [21]. Usually it was assumed that if the original mathematical formulation of
a problem did not satisfy any of these conditions, it was then of no physical or practical sense, and,
consequently, there was no reason of constructing its solution. Gradually, however, the attitude of
mathematicians and physicists towards ill-posed problems began to change. Already in 1926
T. Carleman makes the first attempt to solve an ill-posed problem [22]. In the 30s new investiga-
tions on determination of historical climate have been made by A.N. Tikhonov. In 1943 he
formulated for the first time in a complete form the so-called conditionally-ill-posed statement of
ill-posed problem of mathematical physics assuming a stable solution in the compact class of
functions [23]. This fundamental result, beginning from 1953, is further developed in the works by
M.M. Lavrentiev and by V K. Ivanov (see bibliography in [24, 25]). To this trend we can refer an
interesting study by F.John in which he presents a method of solving heat conduction equation with
inverse time [26].

The most weightful mathematical result of general nature in the area of ill-posed problem
opening a fruitful direction in the mathematical physics and computing mathematics was obtained
in 1963 by A.N. Tikhonov [27]. It should be noted that very close idea was proposed for solving
linear integral equations of the first kind by Phillips in 1962 [28]. But he did not give any strict
substantiation of this approach. Tikhonov’s method of regularization broadened considerably the
bounds of effective practical use of ill-posed problems in various fields of science and technology.
Since that time this method has got intensive development in the works by A.N.Tikhonov,
V.K. Ivanov, V.Ya. Arsenin, V.A. Morozov, A.B. Bakushinsky, V.B. Glasko, V.N. Strakhov and
many other mathematicians (see bibliography in [25, 29]).

At present we have quite a complete mathematical theory of solving ill-posed problems, the
pivot of which being this very method.

The majority of works devoted to a development of the regularization method treat one of its
forms which got the name of a variational method.

Other forms are also possible. Among the most universal is a so called iterative regularization
which is most effectively realized with the help of non-linear gradient algorithms. This quite a
general method has been proposed by O.M.Alifanov [30, 31] and mathematically grounded
together with S.V.Rumyantsev [32, 33]. Important contribution to solving inverse heat conduction
problems by the iterative regularization has been made by E.A. Artyukhin.

Also, it is necessary to mention a book of R. Lattes and J.-L. Lions [34] in which they suggest
the quasi-inversion method specially for the equations with partial derivatives. A close approach
was suggested by O.M. Alifanov in 1971 for solving inverse heat conduction problem in the
Cauchy statement [13]. It is called the artifical hyperbolization method. But these approaches
haven’tstrict substantiation.

Simultaneously with the development of the general theory of ill-posed problems and construc-
tion of regular method for their solution a process is observed with respect to the elaboration of
stable and effective in practice methods and algorithms for solving inverse problems of heat
conduction. The initial phase of developing the computational procedures to solve these problems
(till the time when a regularization method appeared in 1963 and, evidently, after another few years
when the attention of practical workers was attracted by this method, i.e. somewhere in 1968-1970)
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I—can be named a heuristic regularization and the corresponding methods got a conventional term of-I

direct methods. In other words the authors of corresponding algorithms achieved stability and
acceptable accuracy of results basing mainly on the physical sense and, consequently, on the
physical level of rigour. Apart from the above works to this trend in solution of inverse problems
we can refer a trial-and-error method used by L.A. Kozdoba [35] and methods of linear dynamic
filtration being developed by Yu.M. Matsevitiy, A.V. Multanovsky and D.F. Symbirsky (36, 37].
Rigorous mathematical conditions are not yet formulated in the approaches pointed above.

Alongside with heuristic methods, beginning from the end of the 60s and in early the 70s, there
appeared mathematically rigorous methods of solving inverse heat conduction problems.

In their majority these methods are related to the linear problem formulation and constructed
basing on a variational technique of regularization and, later on, on iterative regularization. Just to
illustrate this, refer to some works both on the first [1, 38-41] and on the second [2, 4, 30, 42]
directions. Both approaches, as computational experiments and actual physical tests show, turn out
to be acceptable for solving various nonlinear problems as well [1, 2-4, 31, 43-46].

APPLICATIONS OF INVERSE-PROBLEM METHODS

Numerous scientific and practical results have now been obtained with the aid of the pertinent
methods. Let us briefly dwell on some of them.

HEAT DIAGNOSTICS. Let us start with non-stationary heat diagnostics [2,41,47]. The method
of boundary inverse heat conduction problems can be used in thermal diagnostics of both slow and
fast heat transfer processes. Our investigations have demonstrated that it is possible to reconstruct
heat-flux and heat transfer coefficients with accuracy comparable to that of temperature measure-
ments in the solid body. We have developed different principles of one-, two- and three-dimen-
sional thermal indirect measurements based on solution of boundary inverse problems, which have
required dimensionality.

On the basis of these principles, sensing devices for heat diagnostics of high-temperature gas
flows has now been designed, refined experimentally, and put to practical use in various branches
of industry. In particular, these are different types of uncooled and cooled sensors. For example,
similar sensors are used for experimental studies on plasmatrons and gasdynamic stands in which
the gas jets are created by special aviation and rocket engines.

Similar sensors can be used successfully to measure not only convective, but also radiative heat
fluxes. They are capable of much faster response rates than the Gardon-type sensors widely used
in practice.

Experimental studies showed that heat-flux variations at frequencies up to 100 Hz can be
registered by using uncooled sensors and processing their readings by solving a boundary IHCP.

One-dimensional sensors can be used to measure transient local heat fluxes and local heat
transfer coefficients. To determine discrete fields of these values it is necessary to install a sufficient
number of sensors at various space points, for example, at various points of streamlined surface of
a solid body. However, if we go to solution of two-and three-dimensional inverse problems of heat
conduction, we can reconstruct continuous spatial-time dependences of heat fluxes and heat transfer
coefficients on a body surface. In these cases temperature measurements are usually made on part
of a heat-insulated boundary of the body, namely on a line for a two-dimensional case and on a
surface for a three-dimensional case. Sensors with such sensitive elements [2,47] can be mounted
on a model or a mock-up of the object under study, or on a full-scale object, the thermal conditions
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r of which is determined under test or design operating conditions. Sometimes temperature mcasure--]
ments can be conducted within a solid body.

The above methods for indirect measurements are of special value in the diagnostics of
heat-transfer processes under various conditions that do not admit of easy calculation, as in
investigation of the laminar to turbulent flow transition, the interaction of shock waves with
boundary layers, heat transfer in separation zones, streamlining by nonequilibrium flows of
dissociated gas, in the case of heat exchange with boiling, injection of gas or liquids into boundary
layers, and so forth.

It is important to note, that the procedures of simultaneous determination in experiment of the
two or more functions (or parameters) in heat balance equation on body surface are developed
[2,47]. For example, we can find simultaneously a local coefficient of convective heat transfer as
a function of temperature factor o (Tw/T*) and an emissivity of the surface as a function of its
temperature € (Tw) for known environment characteristic temperature T*(t). Basis of these proce-
dures is special formulations and solution methods of boundary THCPs.

The boundary inverse-problem method is one of basic for study of non-stationary heat transfer
in the system: solid-gas (or liquid).

It is known, that a heat transfer coefficient, obtained for conditions when an influence of solid
body on thermal state of boundary layer is taken into account can considerably differ from a heat
transfer coefficient, which is determined for stationary conditions. The approach to study non-sta-
tionary heat exchange includes two parts. The first one consists in solution of joint heat transfer
problems, when equations of heat-and-mass transfer both for solid and gas (or liquid) must be
solved simultaneously.

The second is experimental investigations of non-stationary heat transfer and, in many cases, the
experiment still remains the major technique of such studies [48,51]. Such experimental investiga-
tions are based on simulation of natural transient heat-and-mass transfer and determination of
non-stationary heat transfer coefficients as functions of time. It is required not only to correctly
conduct and successfully carry out experimental research, but also (and this is very important) to
find effective ways of processing the obtained data. It was found that inverse problem forms an
effective means of getting the necessary results in experimental information processing.

Use of the inverse-problem methods to process experimental data permits to develop new
approaches to the very formulation of the experiments to investigate heat and mass transfer, making
such experiments more efficient and informative. For example, a new universal procedure has been
proposed for aerodynamic thermal tests to investigate heat transfer in a broad range of Reynolds
numbers using working chambers of comparatively small sizes [52]. This technique is based on the
use of the boundary inverse heat conduction problem, that has made it possible to conduct
experiments under essentially nonsteady heat-transfer conditions with long models mounted in the
working section of the wind tunnel before it is started (which had previously been impossible). Part
of the model is situated directly in the supersonic nozzle. This makes it possible to investigate flows
with uniform fields of the gasdynamic parameters over practically the entire characteristic rhombus,
and this, in its turn, makes it possible to set up not only laminar but also transitional and turbulent
boundary layers on the model.

Another area of application of those methods relates to investigation of temperature fields, heat
flux-fields and also thermal stresses in structural materials, something that is very important for
various types of flight vehicles, engines, and power-generating equipment [47]. It is often found
that temperature sensors cannot be mounted inside of materials due to technological, structural and
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I— methodical reasons (because of its violating the integrity, and strength properties of materials,
introducing distortions into the temperature field and into the field of thermal stresses, and also due
to the difficulties in providing good thermal contacts of sensors with the material, etc). It is then
necessary to reconstruct the temperature field from temperature and heat-flux measurements made
on part of the boundary of the body, i.e. to solve the corresponding inverse problem. This approach
has been used, for example, in investigating the hot strength of graphite structures, and has
produced good results.

New and important field of use of methods based on solution of the inverse problems is
experimental-theoretical studies of heat-and-mass transfer in porous mediums, in particular, porous
cooling systems. These systems are an effective means of heat protection. It is performed by the
coolant supply through special inserts made of porous materials. Coolant here is gas or liquid. In
the course of experimental studies of porous cooling systems it is necessary to determine non-sta-
tionary thermal boundary conditions on the surface of a porous body and to identify heat effect of
coolant injection into a boundary layer. The direct measuring of values included into the boundary
conditions of a heated surface is either very difficult or downright impossible, but the temperature
on the opposite surface of a solid matrix can be measured. In this case we are faced with the
necessity of solving a boundary inverse problem for an equation system for heat-and-mass transfer
in a porous structure [2,53,55]. For a gaseous coolant appropriate formulation of inverse problem
was considered above.

Of practical importance is the problem of studying the heating and heat destruction of thermal
protective materials, including the investigation of reducing convective heat transfer due to
injection of gaseous products from the ablated surface. The main types of measurements in
experimental study of such materials are temperature measurements within the bodies (usually by
means of thermocouples) and on the external surface (by optical methods) and measurements of
the ablation rate. The processing of measurement data can be performed by methods based on the
solution of inverse heat conduction problems.

The following example is referred to a determination of thermal properties of different medium
and materials, in particular, heat-protective materials interacting with high-enthalpy gas flow.
Thermophysical measurements, based on classical techniques, for many materials can be made only
at temperatures and rates of heating much less than those in reality. To avoid the above discrepancy
is possible simulating the required conditions of specimen heating on special test facilities (plas-
matrons, in the jets of rocket engines and other) with a successive treatment of temperature
measurements by coefficient inverse problem [56-64]. That is, using some mathematical model of
heat transfer in the material (in the simplest case - a heat conduction equation) we are to find a
required value (or values), for example a heat conductivity as function of temperature, "adjusting”
the calculated temperatures to those thus measured. Thermal properties thus obtained correspond
to the heating conditions brought near to real conditions in which the material operates. In many
cases, if properties of decomposing materials are investigated, it is necessary to develop inverse
problem procedure for mathematical model that takes account of the non-isothermal decomposition
kinetics.

Another field is the estimation of contact resistances which characterize the heat transfer
between the connected parts of structures as well as the prediction of their change in the course of
time, in particular for structures, where there is a great number of bolted and riveted joints, hinges
and so on. For thermal shields it is necessary to know the resistance of adhesive film, and this
problem often can be interpreted as the problem of contact resistance specification. The method of
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’—boundary inverse problem can be successfully applied to processing the results of specially_]

conducted experiments in solving the problem of contact heat transfer, non-stationary conditions
included.

The next field of application of inverse problems is diagnostics of friction. In mechanical
engineering, the investigations of friction and wear of different movable joints are of great
importance because machines reliability and overhaul period depend on them. Besides, these
investigations permit to reduce friction losses and, consequently, increase machines efficiency.
Today, bench tests is very often the only means to test experimentally a movable joint. But they
can not substitute service tests which provide the most complete data on a joint performance in
operating conditions. At the same time, service tests of friction units rarely give data on friction
losses. Thus, for example, the existing methods of direct measuring of friction torque, charac-
terizing work in friction, rest on the use of special elastic elements, i.e. torsion devices. Their lay
out presents a problem even in bench tests. In operating conditions measuring of friction torque
with these devices is often impossible. So, work in friction (friction torque) is defined through other
measurements well correlated with the sought-for quantity. The most suitable are temperature
measurements not requiring complex equipment. Using these data it is possible to reconstruct heat
release in friction zone. Almost all friction energy (85-100%) goes into heat. Thus, it becomes
possible to estimate work in friction, and, accordingly, friction torque, using the data on heat
release. Heat release itself may be found by solving inverse heat transfer problem with known
lemperature measurements. .

Using this approach and iterative regularization, appropriate procedure for tests of the sliding
bearing was developed and used in practice [65]. Obtained results of 10-15% agree with the results
of torsion measurements.

The above applications concern diagnostic and identification problems. General procedure for
structural and parametric identification of physical processes, based on solving ill-posed inverse
problems, is presented in [66].

With the help of inverse problem principle various design problems also may be solved. The
problem of the optimal design of a multilayes heat shield is considered. It is required to determine
the design characteristics (the number, materials and thicknesses of the layers) of such shield, one
of whose boundaries as well as the corresponding layer is subjected to external transient heating
and ablation, while the other is subjected to cooling by the circulating heat transfer agent. The total
mass of the shield is the criterion for the quality of the heat protection. The optimization problem
has a number of restrictions taken into account, which are dictated by the requirements of the
admissible temperature conditions for the layers, the specific heat of the coolant, the thermal
stresses, and so on. Therefore we have a combined coefficient - geometric inverse problem of
thermal design type. This problem is solved by the iterative method [67,68).

At present methods based on solution of different inverse problems find their application not
only for model thermal experiments and parameter optimization. They are also used for full-scale
tests, in particular, for diagnostics of heat transfer boundary conditions and heat loads on different
real structures and for identification of thermal properties of heat protection and heat insulation
materials in real operating conditions.

One field of application of these methods is thermal-vacuum test of spacecrafts. Such approach
permitted to create new effective procedure of testing. It includes the following three main parts:
special preliminary testing of object for the purpose of identification and correction of mathematical

]
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l—modcls of heat transfer processes in test object; choice of thermal simulator mode with help of-]
solution of the inverse problem of control type; regular testing itself.

Very important fields of applications of inverse problems are different nature (real) experiments
and tests, for example, flight tests. In many of these cases, such approach is the only possible means
for obtaining necessary quantitative information about heat conditions of vehicles under test, since
other methods turn out to be unfit. Appropriate procedures and technical devices were created and
used for study (in flight experimental conditions) of porous cooling system, reusable thermal
protection, thermocontrol coating of space vehicles and strength of structures of flight vehicles.

For example, developed methods were applied to study of thermal modes of reusable heat
protection of "Buran" aerospace vehicle. The flight tests were conducted on special automatic
re-entry vehicles "Bor-4" series. In these cases heat diagnostics was carried out in the following
ways:

- estimation of heat fluxes on the surface of the tiled thermal shield;

- quality analysis of the effects of physical-chemical reactions on the thermal shield surface with
its catalytic properties being changed;

- evaluation of heat state of the thermal shield surface in the tiles gaps;

- estimation of the inner heat state of the tiled thermal shield material under the heating in flight
conditions.

Unique results were obtained by means of these methods in the course of such tests.

The next important example has to do with diagnostics of radiative characteristics of thermal
control coatings of spacecrafts. Of great interest is an experimental determination of the solar
radiation integral absorption factor and integral semi-spherical emissivity of external surface in the
conditions of actual operation of the coatings. In particular, such studies are conducted on vehicles
of "Cosmos", "Meteor”, "Meteor-Priroda” series. In the result it was possible to construct a
mathematical model for varying the radiation characteristics of coatings in the course of time and
predict these variations for longer time of operational use of the vehicle, as compared with duration
of experiment.

Besides model experiments, design and testing of technical units inverse problems find their
fruitful use in investigations, optimization and operating diagnostics of various technological
processes. Just for example let us touch upon some of them.

Procedures for determination of heat loads by inverse-problem solution may be very helpful in
experimental study of liquid cooling in continuous casting and heat-treatment of metals. Such
cooling removes heat flows of rather high specific rate - up to 100 ™WVYm? with realization of high
velocity non-stationary processes. Complex thermohydrodynamic processes occurring while
spraying liquid over a high temperature surface cannot be described so far with the required
accuracy by means of theoretical methods. So, such kind of investigations are still described
through experiments. The experimental data are obtained and generalized by solving inverse
problems of heat exchange.

The direct estimation of local rates of the removed heat flow during liquid cooling and with
boiling is hindered by rather great change of surface temperature rate. Standard heat flux meters
have time constant about 1 sec - two orders more than process characteristic time. Effective
measuring means for these purposes may be obtained on the basis of boundary inverse problems
principles [70].

Another example is the thermofretting of metals. This is a progressive trend in heat-treatment
technology for critical steel products that operate under heavy mechanical loads, such as the disks

]



508
Third Intemmational Conference on Inverse Design Concepts and Optimizauon in Engineering Sciences
(CIDES-IID, Editor: G.S, Dulikravich, Washingion D.C.. October 23-25, 1991,

I'_and rotors of large power-generating steam turbines. It is now impossible to investigate and-]
optimize the thermofretting process without experimental testing, and this is a typical area in which
inverse-problem methods can be used to good effect.

Inverse problems of structure mechanics. Problems of reconstruction of loads on the structure
by its stress-deformed state parameters as well as problems of determination of the fields of stresses
and shears in a given part of construction elements by stresses (shears) values on a part of its surface
fall under the class of inverse problems of mechanics of deformated solid [69]. An analysis is made
of corresponding methods and their practical application for investigation of strength of space
vehicles during flight tests.

Of course, the range of possible practical uses of the inverse-problem methods is considerably
broader than that indicated above.

To summarize, we observe that these experimental-theoretical methods not only have a broad
spectrum of important applications, but they are distinguished of high information yield and enough
high reliability. For more complete acquaintance with existing today methods and algorithms of
solving ill-posed inverse problems and their different applications refer to the following books
[1-4,25,29,34-37,41,48]. Also, it can be recommended to look through the numbers of Inzh.Fiz.Zh:
vol.29, no.1, 1975; vol.33, no.6, 1977; vol.39, no.2, 1980; vol.45, no.5, 1983; vol.49, no.6, 1985:;
vol.56, no.3, 1989 (English translation in Journal of Engineering Physics - bibliography data is the
same). The numbers were dedicated specially to those problems.
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